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ABSTRACT 
 
Computational and Experimental Evaluation of Actuating Shape Memory Polymer 
Foams in the Context of Aneurysm Treatment. (April 2010) 
 
Edward Karl Hahn III 
Department of Biomedical Engineering 
Texas A&M University 
 
Research Advisor: Dr. Duncan J. Maitland 
Department of Biomedical Engineering 
 
Shape memory polymer foams may be used to treat vascular aneurysms through thermal 
actuation of the foam from a compacted to an expanded configuration within the 
aneurysm structure, thereby alleviating blood pressure on the weakened aneurysm walls 
and reducing potential for rupture. After delivery to the aneurysm site, fiber-delivered 
laser light absorbed by the foam structure is converted into thermal energy, and actuation 
of the foam results. Introduction of nonphysiological energy into the body during foam 
actuation necessitates an evaluation of potential thermal damage to nearby tissue.  
 
In the present investigation, the foam is idealized as a heat-dissipating, volumetrically 
static object centered in a straight tube of flowing water. Velocity profiles around the 
heat-dissipating device are acquired experimentally with particle image velocimetry. A 
computational fluid dynamics package is then used to predict the experimental velocity 
profiles and temperature distributions by numerical solution of the Navier-Stokes and 
energy equations, and agreement between the computational solution and experimental 
  iv 
results is assessed. Discussion of this assessment, as well as several preliminary 
procedures leading up to the creation of the heat-dissipating device and critical analysis 
of the methods employed, is also given. PIV and CFD are found to be in reasonable 
agreement with one another. Using laser-induced fluorescence as a temperature 
measurement modality, which is discussed in the text insofar as the technique was 
attempted several times and failed, together with PIV and CFD provides a formidable 
array of techniques exists to characterize flow around a heated device.  
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NOMENCLATURE 
 
CFD Computational Fluid Dynamics 
LIF Laser-induced Fluorescence 
PIV Particle Image Velocimetry 
SMP Shape Memory Polymer 
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CHAPTER I 
INTRODUCTION 
 
Motivation 
In the science of medical device design there is a need for accurate computational 
modeling and corresponding experimental validation of device characteristics. 
Experimentally verified computational models provide a means of predicting device 
performance and failure in the body. The goal of the present work is to evaluate the 
agreement between two analogous experimental and computational approaches to flow 
velocity and temperature field characterization in the context of an academic formulation 
of shape memory polymer foam actuation within an aneurysm.  
 
Particle image velocimetry (PIV) and laser-induced fluorescence (LIF) techniques are 
employed with the intent of quantitatively measuring the velocity and temperature fields, 
respectively, around an idealized shape memory polymer foam device undergoing 
actuation. The PIV technique elucidates flow velocities by seeding the flow field with 
tracer particles and imaging the tracer particles at two successive instants with a known 
intervening time increment. The two images are analyzed using the cross-correlation 
statistical technique to determine the direction of all particle displacements in the flow 
_______________ 
This thesis follows the style of IEEE Transactions on Biomedical Engineering. 
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field. In a similar manner, the LIF technique seeds a flow with two fluorescent dyes, 
exactly one of which possesses temperature-dependent fluorescent intensity. Flow field 
imaging is according to the fluorescent intensities of the dyes, which are compared to a 
calibration standard to determine fluid temperature. Taken together, the PIV and LIF 
techniques empirically determine velocity and temperature fields within a flow field at 
discrete points. 
 
The computational fluid dynamics (CFD) technique is the computational analogue of the 
PIV and LIF techniques. An experimental flow field is modeled using a computer-aided 
design package and discretized into volumetric elements, and the governing equations 
are solved iteratively to convergence for each element. Velocity and temperature 
information are extracted from the volumetric elements, yielding the computational 
analogue of the experimental PIV and LIF results and enabling quantitative comparisons 
between the empirical data and theoretical expectations. 
 
Scope of thesis 
An evaluation of the agreement between experimental (PIV) and computational (CFD) 
techniques for flow field characterization, specifically the associated velocity field, is 
provided in the following chapters. LIF is discussed insofar as the experimental 
procedure and potential improvements to gain accurate results, but reportable results 
were not acquired and are not presented. 
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Chapter II provides necessary context to the present investigation. Relevant background 
on aneurysm and shape memory polymers is given, and the experimental and 
computational techniques employed are explained in detail. Chapter II closes with a 
precise statement of the problem addressed in this work. 
 
A review of the literature is given in Chapter III and is used to demonstrate the dearth of 
information concerning medical device characterization utilizing experimental 
techniques such as PIV and LIF. 
 
Chapter IV describes the methods followed in this work. An overview of the 
philosophical approach taken to formulation of the problem statement into experiment is 
provided. The steps taken for both the experimental and computational approaches are 
described in detail. 
 
Chapter V presents the experimental and computational results obtained from the 
methods described in Chapter IV. The chapter closes with a discussion of the results. 
This discussion includes detailed comparisons of the results, and analysis of the 
agreement between the experimentally and computationally obtained velocity and 
temperature fields.  
 
Finally, a summary of the present work and the primary conclusions are given in Chapter 
VI. 
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CHAPTER II 
BACKGROUND AND OBJECTIVE 
 
Aneurysms 
An aneurysm is a cardiovascular disease characterized by evolution of a weakening of 
the arterial wall into a balloon-like structure susceptible to rupture. The disease process 
associated with rupture of cerebral aneurysms is thought to be mediated by the 
interaction between hemodynamic forces and the arterial wall biology [1]. The rupture of 
intracranial aneurysms accounts for 80 percent of nontraumatic subarachnoid 
hemorrhage (SAH) cases. Nearly half of the survivors of SAH will be afflicted long-
term cognitive impairment [2].  
 
A number of hemodynamic characteristics have been implicated in the rupture of 
saccular aneurysms, including concentrated inflow jets with small impaction zones, 
elevated wall shear stress, and complex unstable flow patterns [3]. Indeed, unruptured 
aneurysms tend to exhibit hemodynamics characterized by diffuse inflow jets, large flow 
impingement regions, and simple stable flow patterns [4]. Because of the intimate role 
that hemodynamics appear to have in the rupture process of aneurysms, two current 
treatment methods seek to isolate the weakened wall of an aneurysm from high pressure, 
pulsating blood flow to prevent or treat rupture.  
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Current treatments 
Neurosurgical clipping of the aneurysm developed first as the primary technique for 
treatment of SAH and involves craniotomy to access the aneurysm in question. Studies 
in the 1960s showed the benefits outweighed risks in circumstances of favorable location 
of the aneurysm within the brain, and the risk of surgery has been progressively reduced 
through a variety of medical advances. Few patients, however, have been capable of 
returning to a normal lifestyle [5].  
 
In 1990, the Guglielmi Detachable Coil (GDC) was introduced as an alternative 
treatment modality for aneurysms [5-7]. GDC treatment promotes thrombus formation 
within the aneurysm structure. The device consists of a soft platinum coil soldered to a 
stainless steel delivery wire and is delivered via endovascular approach. Specifically, 
treatment relies on the principals of electrothrombosis and electrolysis. 
Electrothrombosis results from the attraction of negatively charged blood components, 
such as red and white blood cells, to a positively charged electrode; thrombosis is 
promoted by this process. Electrolysis of the solder enables intra-aneurysmal placement 
of the platinum coil [7]. Overall, the literature shows the GDC technique to be widely 
successful compared to previous techniques [5, 8, 9], but since its inception, the 
technique has suffered from a number of deficiencies, including incomplete aneurysm 
occlusion [6], instability of coiling over time [10], inability to effectively treatment large 
aneurysms [10, 11], and time-consuming surgery [12]. An alternative treatment modality 
using shape memory polymer (SMP) foam to fill aneurysms has been proposed and is 
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currently in development by Lawrence Livermore National Laboratory and the 
Biomedical Device Laboratory at Texas A&M University.  
 
Proposed treatment 
In general, SMPs form a class of so-called smart materials capable of mechanical 
actuation from one configuration to another in response to a stimulus [13]. In the present 
case, the stimulus of interest is heat. Heating raises the temperature of the SMP foam 
above its glass transition temperature, thereby decreasing the elastic modulus of the 
material and promoting foam expansion from the compressed state required for catheter 
delivery to the full volume of the aneurysm. Advantages to SMP foam treatment will 
include endovascular treatment via catheter, faster treatment time, and 60-fold expansion 
capabilities from the crimped state required for endovascular delivery [12]. Importantly, 
if the glass transition temperature of the SMP foam is above body temperature, an 
energy source external to the body must be used to heat the foam in vivo to achieve 
actuation and filling of the aneurysm. The introduction of non-physiologic energy into 
the body necessitates determination of potential thermal damage to blood and 
surrounding tissue. Analysis of this problem as it pertains to a heat-dissipating device in 
the body is the basis for the present inquiry. 
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Techniques 
Particle image velocimetry 
PIV is a technique used to indirectly measure fluid velocity fields. It relies on 
measurement of tracer particle positions with known time increments between the 
positions. Knowledge of both these parameters—particle positions and time between 
positions—enables calculation of particle velocity. If the properties of the tracer particles 
are not too different from the properties of the fluid, then the particle velocities are a 
good estimation of the fluid velocity [14]. 
 
In the present investigation, particle positions are acquired by 2 CCD cameras and 
double pulse illumination of the flow field around the heat-dissipating device being 
studied. Importantly, the illumination is provided in the form of a so-called light sheet, 
allowing for the approximation that the images acquired contain data from a plane. The 
double pulse illumination is provided by a Nd:YAG laser, and the pulse sequence timing 
corresponds to the exposure sequence of the CCD cameras. Each camera is exposed 
twice per set of illuminating pulses, once for each pulse, giving 2 sets of 2 images. Each 
image set meets the criteria described above. The two images in a set contain 
information regarding particle position, and the time-lapse between laser pulses 
determines the separation of the particles in the image.  
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To determine velocities in the flow field, each image in a set is divided into interrogation 
windows and cross-correlation between the images. The correlation technique is 
described by the following equation: 
 
𝐶 𝑑𝑥,𝑑𝑦 =  𝐼1 𝑥, 𝑦 𝐼2 𝑥 + 𝑑𝑥,𝑦 + 𝑑𝑦 ,
𝑥<𝑛 ,𝑦<𝑛
𝑥=0,𝑦=0
 
−
𝑛
2
<  𝑑𝑥,𝑑𝑦 <
𝑛
2
, 
(1)  
where 𝐼1, 𝐼2 are image intensities of the 1
st and 2nd interrogation windows, respectively; 
𝐶 𝑑𝑥,𝑑𝑦  is the correlation strength based on the displacements 𝑑𝑥 and 𝑑𝑦; and 𝑛 is the 
size of the interrogation window. This function basically determines if a pattern of 
particles appears shifted in the interrogation window, and if so in what direction and 
magnitude; the peak value in 𝐶 𝑑𝑥, 𝑑𝑦  is the indicator of this information. Performing 
cross-correlation for a series of image sets provides information on characteristics of the 
flow field, namely the desired velocity field [15]. 
 
Laser-induced fluorescence 
LIF is an imaging technique similar used to acquire flow field temperature 
measurements. In the present investigation, the fluid is seeded with two fluorescent dyes: 
Rhodamine 110 and Rhodamine B. Rhodamine B exhibits temperature-dependent 
fluorescence, with intensity changes on the order of 2 percent per degree Celsius. 
Illuminating the flow with a Nd:YAG laser stimulates the dyes, which then fluoresce at 
different wavelengths. The ratio of the intensity of Rhodamine B fluorescence to 
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Rhodamine 110 fluorescence can be used in combination with a calibration to determine 
fluid temperature differences in a flow field. 
 
Computational fluid dynamics 
CFD is based on the continuum assumption: the equations that govern the whole also 
govern arbitrarily sized computational elements in the domain. The smaller the 
computational elements are, the better the resulting numerical approximation is to the 
actual solution of the governing equations—and presumably to reality. Three primary 
governing equations are of interest in the present investigation: the continuity, 
momentum, and energy equations. When these equations are iteratively solved to 
convergence for the computational elements of interest, velocity and temperature 
information corresponding to flow of a certain fluid at the location of the computational 
element may be obtained. 
 
For the computational results to approximate reality as closely as possible, the 
computational domain should also closely resemble reality. This criterion may be 
accomplished by modeling the real experimental setup with a CAD package, then 
meshing the model to obtain the individual computational elements. The size and shape 
of the computational elements is important to the speed with which the solver is able to 
converge to a solution, as well as to the accuracy of the solution. Larger computational 
elements will not be able to adequately resolve finer details in the flow, but many 
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smaller elements will require significant computing time to arrive at a solution. A 
balance between these two conditions is necessary. 
 
The choice of boundary conditions is also of critical importance. Replicating the 
dimensions of an experiment within a CAD package is relatively simple. Choosing 
boundary conditions that mimic real life is not as simple, and is a major challenge in 
obtaining accurate results. For this reason, several critical measurements are acquired 
from the experimental setup in the present investigation that may be inputted into the 
computational model, namely inlet flow rate and internal temperature of the heat-
dissipating device. 
 
Objective 
The goal of the present investigation is to utilize the experimental PIV and LIF 
techniques in combination with CFD to attempt an analysis of fluid velocity and 
temperature around a heat-dissipating device in a flow. The present investigation is 
essentially an analysis of the applicability of the above techniques to the problem of 
characterizing actuating SMP foams. 
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CHAPTER III 
LITERATURE REVIEW 
 
Computational fluid dynamics 
The literature shows significant breadth work in the field of cardiovascular fluid 
mechanics [16], and the use of both CFD and PIV is well-represented. A number of 
studies have employed CFD to aneurysm specific investigations, and the use of patient-
specific computational geometries has proved useful [17]. Cebral et al. constructed 62 
patient-specific models of cerebral aneurysms from 3D angiographic data for the 
purposes of CFD investigation [18, 19]. Simulated flow patterns within the aneurysms 
were used as a basis for categorization of the aneurysm geometries. Flow within more 
than 70 percent of the aneurysms that ruptured was characterized by at least one of the 
following phenomena: complex or unstable flow patterns, small impingement regions, 
and small jet sizes. More than 73 percent of the unruptured aneurysms, however, were 
described by simple, stable flow patterns, large impingement regions, and large jet sizes. 
Steinman et al. sought to correlate CFD-derived flow patterns to coil compaction [17]. 
Hassan et al. utilized CFD to make recommendations on aneurysm treatment for a 
specific patient, as well as to predict future aneurysm growth. Their prediction was 
confirmed with a follow-up examination 6 months later [20]. Shojima et al. used CFD 
results to contend that wall shear stress may facilitate and trigger cerebral aneurysm 
rupture; wall shear stress is recommended as a metric for rupture prediction [21]. Castro 
et al. applied CFD to a variety of patient-specific aneurysms and critically assessed the 
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usefulness of current methods of obtaining realistic geometries [22]. Ortega et al. 
analyzed post-treatment hemodynamics of a basilar aneurysm after theoretical treatment 
with SMP foam to determine the potential for harmful hemodynamic stresses. 
Simulations predicted elevated wall shear stresses that might result in remodeling of the 
arterial wall [23].  
 
CFD has also been applied to endovascular devices, such as stents, in the context of 
aneurysms. Stuhne et al. applied computational methodologies to a stented saccular 
aneurysm geometry. Recommendations on computational mesh requirements were made 
and analysis of wall shear stress distribution analyzed [24]. Radaellia et al. also analyzed 
stented aneurysms, but utilized patient-specific geometries for the analysis [25].  
 
More relevantly, CFD simulations of an idealized heated SMP foam have been 
performed by Ortega et al. The foam was modeled as a sphere at discrete points in the 
actuation process, within a generic basilar aneurysm geometry. Notably, worst-case 
simulations predicted 25 °C aneurysm wall temperature increases as a result of foam 
actuation. These temperature increases were consistently at the apex of the aneurysm 
geometry, which exhibited the greatest isolation from convective cooling [26]. 
 
Particle image velocimetry 
PIV has also been employed in a number of investigations seeking to characterize 
aneurysmal flow patterns. Yu et al. employed PIV to the investigation of abdominal 
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aortic aneurysms. A variety of Reynolds and Womersley numbers were considered, 
specifically in analyzing recirculation zones within the aneurysm [27]. Tsai et al. 
considered the vascular dynamics of a saccular basilar aneurysm. A generic geometry 
identical to the computational geometry employed by Ortega et al. was used, and overall 
agreement between the experimental results of  Tsai et al. and the computational results 
of Ortega et al. was observed [28]. 
 
PIV has also been applied to flow around stents. Ionita et al. applied PIV to investigate 
the effect of asymmetric stents on blood flow [29].  
 
Laser-induced fluorescence 
LIF as a temperature measurement modality is not as well-represented as CFD or PIV in 
the literature, but several investigations relevant to the present work were found. Hui et 
al. and Seuntiëns et al. both considered heated cylinders in cross-flow using molecular 
tagging velocimetry and LIF, respectively. Good qualitative agreement is found between 
both sets of results, affirming the usefulness of whole-field fluid temperature 
measurements using such techniques [30, 31]. Sakakibara et al. and Coolen et al. all 
performed whole-field temperature measurements using Rhodamine dyes and found the 
measurement error to be 1.7 °C and 0.1 K, respectively. It should be noted, however, that 
the range of temperature of the latter was only 0.7 K, whereas the former provides 
results for 20-60 °C [32, 33]. 
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Techniques in combination 
Several notable investigations have combined 1 or more of the above techniques. Ford et 
al. compared PIV and CFD measurements in the same aneurysm geometry for the 
purpose of CFD validation, an important requirement as the sophistication of CFD 
models increases [34]. Baranyi et al. combined PIV and two different CFD codes for the 
purposes of analyzing cross-flow around a heated cylinder. Their results show 
qualitative agreement with Hui et al. and Seuntiëns et al [35]. Finally, Babiker et al. 
combined PIV and CFD to predict hemodynamics in a generic basilar artery geometry 
similar to that of Ortega et al. and Tsai et al. Interestingly, they modeled the influences 
of coil-packing density on flow dynamics, insofar as the coils affected flow in the parent 
vessels, but not within the aneurysm [36].  
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CHAPTER IV 
METHODS 
 
Philosophical approach 
Computationally modeling an actuating SMP foam is not a trivial task. A variety issues 
arise in this endeavor: the foam structure is porous and not easily modeled in a CAD 
package; the shape and temperature of the foam structure are changing in time; and the 
in vivo flow conditions, blood clotting physics, and vascular anatomy are complex. 
These issues are not easily dealt with in the beginning of a series of experimental 
investigations. Rather, it is instructive to future investigation to start with a simple 
problem—a so-called academic problem—and gradually complicate it to analyze the 
entire complex problem. 
 
To start with a simple problem, assumptions must be made in the present investigation. 
The complex geometry of the foam and vascular are neglected in favor of a solid, 
nonporous, heated metal-epoxy cap and a long, straight tube with fully developed flow. 
Additionally, all boundary conditions are temporally static. The result of these 
assumptions is a relatively simple computational model and correspondingly simple 
experimental setup. 
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Experimental methods design 
PDMS model creation 
A mold container was machined piecewise from acrylic sheet using a CNC (Fig. 1). A 6 
mm diameter stainless steel rod served as the flow channel negative. Sufficient length 
was allotted to allow for full development of the flow profile within the channel. A 6 
mm diameter angled inlet channel negative was machined from acrylic and held at a 45° 
to the flow channel negative. Aluminum adhesive tape was used to secure the pieces of 
the mold container. PDMS (Sylgard 184, Dow Corning) was poured into the mold and 
cured for 45 minutes at 80 °C. While the model was warm, the container sides and 
channel negatives were removed. 
 
PDMS model holder 
To ensure that the PDMS model was held rigidly in front of the PIV microscope, a 
multi-component holder was devised (Fig. 2). The holder consisted of an ABS plastic 
bottom mount adapted to the PIV system optical railing, 4 acrylic vertical supports, 2 of 
which were later replaced by 1/8 inch threaded rods to allow for vertical adjustments; an 
ABS plastic top mount adapted to the top surface of the PDMS mold; and a two-part 
support system to hold the device centered within the flow channel that included a 3/8 
inch  diameter vented cap screw and rubber pad to form a seal around the device in the 
manner of a Tuohy-Borst adapter. All components were held in place by 8-32 cap screws 
and nuts.  
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Fig. 1. PDMS model container. The container was used to cast the PDMS model used for the 
experimental procedures of the present investigation. 
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Fig. 2. Multi-component PDMS model holder. Not shown are the vertical supports. The purpose of 
the holder is to ensure the model remains straight and upright throughout the experiment. The 
device may be seen emerging from the Tuohy-Borst adapter at the top and rising well above the 
setup. 
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Flow system 
A gravity-fed flow system (an elementary design of which is illustrated in Fig. 3) was 
constructed from 1/4 inch inner diameter Tygon tubing (VWR Scientific). An elevated 
reservoir was fed by a peristaltic pump drawing from a source reservoir. The elevated 
consisted of a funnel bound to a 1/4 inch tube adapter protruding through the bottom of a 
plastic beaker. An additional 1/4 inch tube adapter protruded through the bottom of the 
beaker and served to allow overflow to return to the source reservoir. Reservoir heights 
were controlled to manipulate flow rate, which was measured downstream of the device 
flow channel with an ultrasound flowmeter and probe (T206, Transonic Systems Inc.). 
To acquire downstream temperature measurements, 3 thermocouples (OMEGA) were 
inserted through the PDMS model and into the center of the primary flow channel 6 mm, 
5 mm, and 6 mm from the position of the heat-dissipating device. 
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Fig. 3. Flow system. Symbolic representations of critical PIV system components are included for 
context. Note that the direction of the light sheet and camera view are orthogonal to one another and 
mutually orthogonal to the longitudinal axis of the device. 
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Heat-dissipating device  
The heat dissipating device used to model a SMP foam in the early stages of actuation 
was formed from multiple components. A 200 µm optical fiber (Polymicro Industries, 
LLC) was terminated in a thermally conductive epoxy (H70E-2, Epo-Tek) contained 
within a metal cap with a 0.150 inch deep, 0.035 inch inner diameter hold machined 
from a 4 mm long, 0.052 inch outer diameter stainless steel 17-4 PH rod (Small Parts, 
Inc.). The fiber was approximately concentric with the metal cap and inserted about 
0.120 inches into the thermally conductive epoxy. Additionally, the junction of a 0.003 
inch T-type thermocouple (OMEGA) was terminated in the thermally conductive epoxy 
at the maximal depth to the side of the optical fiber. The thermally conductive epoxy 
was then cured for 20 minutes at 100 °C and 1 hour at 150 °C. At this point, calorimetric 
experiments were performed; see Calorimetry. The optical fiber and one thermocouple 
lead were bundled together in a Teflon sheath to insulate the thermocouple leads from 
one another. The bundle and the unsheathed thermocouple lead were drawn through a 
0.042 inch outer diameter, 0.032 inch inner diameter stainless steel 304 tube (Small 
Parts, Inc.). This catheter-like tube served to support the heat-dissipating metal cap in the 
fluid flow. The metal cap and supporting tube were epoxied together with a thermally 
insulating epoxy (Blue-Dye Epoxy, FIS). Fig. 4 provides a graphical summary of the 
components of the heat-dissipating device. Fig. 5 is an image of the actual device, which 
is modeled in the CFD package in Fig. 6. 
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Fig. 4. Cross-sectional schematic of heat-dissipating device. 
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Fig. 5.  Image of the actual device. The ruler scale is in millimeters. 
 
 
 
 
 
Fig. 6.  Computational model of the heat-dissipating device. Colors distinguish unique material 
regions. Note the similarity in shape to the real device in Fig. 5. 
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Laser and measurement control 
A master LabVIEW VI (National Instruments) and serial communication sub-VIs were 
developed to control both the heat source of the device and the temperature and flow 
measurements. The energy source for the heat-dissipating device was an 810 nm infrared 
laser (UM7800, Unique M.O.D.E.). Temperature and flow data were acquired with NI 
9219 and NI USB-6251 DAQ devices (National Instruments), respectively.  
 
Current-power measurements 
To determine the power output of the of the UM7800 laser, a power meter (PM300E, 
Thorlabs) and thermopile (S212A, Thorlabs) were used. Power readings were acquired 
with currents ranging from 1 A to 5.5 A; steady-state power readings were recorded. 
Linear regression was performed on the resulting data set to acquire power as a function 
current.  
 
Calorimetry 
A calorimeter was constructed from a 2 foot cube of extruded polystyrene (EPS) (Texas 
Foam). The cube was cut in half using resistively heated steel music wire. Identical 
volumes of EPS were removed from the center of both halves to hold a 1.8 mL Nalgene 
cryogenic vial (VWR Scientific) of deionized (DI) water. The heat-dissipating device 
was inserted into the vial and the cube halves taped together.  
 The purpose of calorimetry is to measure energy changes associated with some 
process. In the present case, it is desirable to know the energy output of the heat-
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dissipating device as a function of current. This output value will necessarily differ from 
the product of the laser power (watts) and pulse duration (seconds) because of energy 
losses in the fiber and thermally conductive epoxy. By measuring this property of the 
heat-dissipating device, efficiency of the device may be determined, which will be useful 
in future investigations that seek to compare the efficiencies with which  particular SMP 
foam formulations converts laser radiation to thermal energy. The relevant equation is 
the specific heat formula, 
 𝑞 = 𝑚𝑐∆𝑇, (2) 
where 𝑞 is the energy dissipated into the calorimeter, 𝑚 is the mass of the DI water in 
the calorimeter container, 𝑐 is the specific heat capacity of water, and ∆𝑇 is the 
temperature rise associated with the energy deposited by the laser pulse. Thus, for a 
range of laser currents, temperature rises were measured in a small mass of water 
insulated by the calorimeter, and the energy input was calculated using (2). 
 
After the calorimetry experiments, the power output of the UM7800 was again measured 
with the power meter and thermopile, but rather than steady-state values, the time-
dependent output of the laser was acquired for a set period of time. Numerically 
integrating this power vs. time curve using the trapezoidal rule, the actual energy output 
of the laser into the calorimeter is determined. Current values were chosen based on the 
current-power relationship determined previously, and both current values and time of 
laser activation were controlled by a high-speed version of the master VI detailed above 
to ensure laser pulse duration could be timed accurately for the calorimetry experiments. 
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PIV/LIF measurements 
The working fluid for the present investigation was a mixture of 40% water and 60% 
glycerine. This mixture produces a fluid with refractive index close to that of the PDMS 
model at room temperature [28]. By working with a fluid of refractive index similar to 
the PDMS, distortions due to index changes are minimize, providing increased accuracy 
of measurements. PIV seeding was performed by progressively adding tracer particles to 
the fluid. Cameras were set to double-frame mode. Velocity measurements were initially 
obtained for high flow (445 mL/min) with laser currents ranging from 1.5 A to 4 A. 
Measurements were repeated at a lower flow rate of 100 mL/min for 0 A, 1.5 A, 2 A, 
and 3 A. 
 
LIF measurements were attempted at 0 mL/min, 25 mL/min, and 50 mL/min for currents 
ranging from 1.5 A to 3 A.  
 
Computational methods 
CAD model 
The heat-dissipating device was modeled in SolidWorks 2009 (Dassault Systemes). All 
unique materials composing the device were modeled as distinct volumes with the 
exception of the thermocouple, which was neglected. This decision was made to reduce 
computational complexity and exploit the axisymmetric nature of the device, support 
tube, and surrounding flow by only modeling sector of the experimental setup 
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corresponding to 22.5°. Additionally, the full length of the flow channel was modeled to 
allow for flow profile development within the simulation. 
 
Meshing and boundary conditions 
The CAD model was imported into Star-CCM+ 4.02.11 (CD-Adapco). Each material 
region was discretized and a conformal mesh generated. A base size of 0.2 mm was used 
as the default size, and in a cylindrical volume around the device this value was 
decreased to 0.04 mm to provide increased resolution of temperature and velocity 
gradients. There were 490846 computational elements or “cells” in the entire domain of 
interest.  
 
Symmetry boundary conditions were applied appropriately. The inlet inflow velocity 
was specified to be the average velocity 𝑉 of a flowrate 𝑄 given through a cross-
sectional area 𝐴, given by equation (3). 
 
𝑉 =
𝑄
𝐴
 (3) 
Additionally, the interface between the thermally conductive epoxy and the stainless 
steel cap was prescribed to be at a temperature obtained from the thermocouple 
embedded in the heat-dissipating device in the actual experiment.  
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CHAPTER V 
RESULTS AND DISCUSSION 
 
Power versus current 
 
 
Fig. 7.  Power versus current relationship for UM7800. 
 
 
The power versus current curve is an important characteristic of any given laser, as it 
indicates the power output of the device as a function of the only parameter directly 
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controlled (the current). In the present case, a strong linear relationship exists between 
these two parameters, as evidenced by the results given in Fig. 7. This knowledge is 
useful in determining calorimetric data, as in the present case. It should be noted that the 
power values are steady-state values, obtained after a brief duration of time-dependent 
change in the laser output. This fact must be taken into consideration during calorimetry 
and any other procedure where the time-dependent energy output of the laser is of 
importance.  
 
Calorimetry 
Accurate calorimetry results were unable to be obtained. Surprisingly, over three 
independent trials, the energy input into the calorimeter water, calculated by (2), often 
exceeded the energy output acquired through numerical integration of the laser power 
output over time, and once exceeded the theoretical maximum energy input achievable. 
This latter case may be explained by not allowing enough time for equilibration of the 
calorimeter water, but in general, water temperature as measured from the (non) heat-
dissipating device remained constant within measurement error for a period of several 
seconds before the next laser current was applied. Given the small volume of water used 
(less than 2 mL), such temperature consistency likely indicates that nearly uniform heat 
diffusion into the calorimeter water had been achieved. The former case, however, is not 
so easily explained. 
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The foam block was held together well, ruling out convective processes. Since room 
temperature was several degrees below calorimeter water temperature, and no heated 
material other than the heat-dissipating device (when the laser was activated) came into 
contact with the water during each experimental trial, artificial increases in water 
temperature may be ruled out. In fact, any contribution from the ambient environment 
would likely have served to decrease the measured energy input to the water. 
Additionally, consistency of the VI used for the calorimetry experiments had been 
previously verified to have consistent laser control capabilities.  
 
One possible explanation does present itself. The time-dependent output signal of the 
laser was measured after the calorimetry experiments. After these measurements were 
completed, a catastrophic bend in the protective tubing housing the laser fiber was 
observed. The fiber had snapped. If somehow the fiber had been partially compromised 
during the time-dependent power measurements, it is possible that lower energy values 
were measured than otherwise would have been the case. This would explain the 
consistently high calculated energy input to the calorimeter water compared to the 
measured energy output of the laser integrated over time.  
 
While efficiency may not be calculated, a benchmark to the device does exist. Proof of 
concept tests using a fiber terminated in a small volume of cured epoxy were measured 
for temperature increases when laser light was passed through the fiber. Less than 1 W 
of power was able to achieve temperatures of 250 °C in air. The conclusion arrived at 
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from these experiments is that the thermally conductive epoxy was efficient at 
conversion of laser light into thermal energy. The same qualitative conclusion may be 
applied to the heat-dissipating device. 
 
PIV and CFD 
PIV results (Figs. 8-10) are provided for 0 A, 2 A, and 3 A currents in 100 mL/min flow. 
The scale for the images gives velocity values mapped to colors for velocities in the 
range of 0-12 cm/s. Average measured temperature rises within the device were 49.6 °C 
and 77.0 °C for 2 A and 3 A currents, respectively. Interesting observations include the 
observed decrease in the thickness of the velocity boundary around the device (dark 
region in upper left) as current increases. Such behavior is expected: an increase in local 
temperature will cause a decrease in local viscosity. Boundary layer effects are 
dependent upon the value of the fluid viscosity, and as the fluid becomes less viscous, 
boundary layer effects decrease. 
 
The correlation techniques of PIV do not always yield perfect results, as indicated by 
spurious vectors in the region of the device in Figs. 8 and 10. The presence of these 
vectors indicates the need for a stronger removal of vectors who directions do not match 
the directions of the surrounding flow. The physical cause of these vectors is likely 
movement of the device, which over a series of images might be interpreted as fluid 
movement during correlation. 
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The CFD results (Figs. 11-13) do not show the reduction in boundary layer effects 
associated with device heating. This suggests that the choice of material models for the 
water-glycerine mixture may be flawed in some way. It is also possible that surface 
effects of the device on the nearby fluid induced greater mixing. Specifically, the surface 
of the heat-dissipating device was not completely smooth as it is in the CFD simulations. 
Surface irregularities can promote mixing within the boundary layer, which would result 
in increased temperature and reduction in fluid viscosity, as observed in the PIV results. 
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Fig. 8. PIV results for 0 A current, 100 mL/min flow. 
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Fig. 9. PIV results for 2 A current, 100 mL/min flow. 
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Fig. 10. PIV results for 3 A current, 100 mL/min flow. 
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Fig. 11. CFD results for 0 A current, 100 mL/min flow. 
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Fig. 12. CFD results for 2 A current, 100 mL/min flow. 
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Fig. 13. CFD results for 3 A current, 100 mL/min flow. 
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LIF 
Temperature measurements based on LIF suffered from a number of setbacks 
devastating to the integrity of the results. First, a reasonable level of experience using the 
LIF technique had not been achieved prior to measurement attempts of real data. This 
inexperience, in retrospect, likely affected the homogeneity with which the flow field 
was illuminated by the light sheet. Specifically, dye concentrations were not well 
managed, possibly resulting in significant intensity changes as a function of path length, 
a phenomenon best avoided in LIF temperature measurements.  
 
Additionally, the heat-dissipating device suffered a minor structural failure. During laser 
activation, significant quantities of bubbles due to the fluid being heated obscured the 
device from the view of the flow field and reflected laser pulses randomly, resulting in 
significant illumination inhomogeneity. These bubbles had not been observed under zero 
flow conditions previously. 
 
Overall, the idea of the LIF technique is promising. While intensity changes due to 
temperature differences were observed, difficulties in calibration made calculation of 
these temperature fields impossible. Combined with the failure of the device, the LIF 
technique was not successful in the present investigation. Success in future 
investigations as experience and device integrity are increased is anticipated. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
 
A complex problem with significant clinical application was reduced to an academic 
problem for purposes of better understanding the physical phenomena underlying the 
more complex problem. PIV and CFD were effectively used to characterize fluid 
velocities around a heat-dissipating device. LIF, while attempted, was largely 
unsuccessful due to inexperience and device failure. Calorimetric measurements were 
also unsuccessful, possibly due to a compromised laser fiber and resultant light loss. 
 
The literature affirms the efficacy of PIV and CFD as powerful tools for experimental 
and computationally characterizing a flow. LIF is less well-documented, but has seen 
several successful implementations in the measurement of temperature fields around 
heat-dissipating devices. On the whole, this trio of visualization techniques has the 
capability to address engineering and clinical concerns in the actuation of SMP foams.  
 
Future work in this area should include validation of LIF procedure and results with real-
world measurements, followed by assessment of agreement with computational results. 
These tests should be performed in the same experimental/computational conditions 
described in the present investigation. Once the techniques have been validated in this 
simple case, progressively more complicated conditions should be explored, including 
life-like geometries of aneurysms, pulsating flow, and a porous heat-dissipating device. 
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Importantly, the qualitative comparisons of the present work should be extended by 
defining useful quantitative criteria and methodologies for evaluation, with the end goal 
of providing quantitative assessment of risks associated with actuation of a SMP foam 
device within an aneurysm. 
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